Previous studies have suggested that the primary site of action of purified staphylococcal alpha toxin is the cell membrane. Scanning and transmission electron microscopy studies were undertaken, therefore, to define toxin-induced alterations in the surface morphology of rabbit and human red blood cells. During the prelytic lag phase, scanning electron microscopy revealed multiple discrete blisters on the surface of rabbit red blood cells; during hemolysis, cellular collapse and ghosts were seen, but most striking was the separation of large fragments of cell membrane from red blood cell surfaces. In contrast, alterations in less sensitive human red blood cells were limited to occasional fingerlike protrusions during the period of accelerated lysis. Transmission electron microscopy substantiated these changes. These studies have provided further evidence that the cell membrane is the primary site of action of staphylococcal alpha toxin.
The primary site of the hemolytic action of staphylococcal alpha toxin appears to be the red blood cell membrane (4, 5, 7). The hemolytic reaction is characterized by a prelytic lag phase during which leakage of potassium from the cell can be demonstrated; ultimately larger molecules escape until hemoglobin is lost and a phase of accelerated lysis occurs. The toxin was demonstrated on the surface of red blood cells during hemolysis, indicating that the initial reaction between the toxin and the erythrocyte is likely a surface phenomenon (2) . More recent studies demonstrated that staphylococcal alpha toxin inhibits epithelial ion transport (9) , suggesting that the toxin causes specific biochemical and metabolic alterations in the cell membrane. These observations were obtained with light microscopy and macroscopic techniques. The purpose of the present study was to examine the effects of purified staphylococcal alpha toxin on rabbit and human red blood cells by both scanning and transmission electron microscopy, the former to demonstrate toxin-induced alterations in the surface morphology of erythrocytes, the latter to define ultrastructural changes in the red blood cell membrane.
MATERIALS AND METHODS
Purified staphylococcal alpha toxin was prepared by the method of Madoff and Weinstein (6) and stored at -60 C until used; once thawed, it was not refrozen. Alpha toxin antitoxic horse serum (Wellcome Research Laboratories), containing 104 antihemolytic units per ml, was inactivated at 56 C for 30 min.
Rabbit blood obtained from an ear vein and human blood drawn from the antecubital vein were collected into Alsever's solution. The red blood cells were separated by centrifugation and washed three times with phosphate-buffered saline (PBS), pH 7.2.
A 2' c red blood cell suspension was added to twofold dilutions of the toxin in PBS, incubated at 37 C in a water bath for 30 min, and centrifuged at 1,000 X g for 2 min at 4 C. The highest dilution in which 50%C hemolysis occurred was considered to represent 1 hemolytic unit (HU).
Rabbit and human red blood cell suspensions were prewarmed in a water bath at 37 C and then exposed to alpha toxin in a final concentration of 0.5 HU per ml. The specimens were shaken gently, divided into samples of 5 ml each, and incubated at 37 C. Tubes were removed after 3, 5, 10, 20, 30, and 60 min of incubation and immediately placed in an ice bath; 0.5 ml of a 1:5 dilution of antitoxin was then added to each tube. Following centrifugation at 1,000 X g for 5 min at 4 C, the pellets were washed three times with Seligmann's balanced salt solution. Control cells were treated similarly but were not exposed to the toxin; antitoxin, however, was added to control specimens.
For transmission electron microscopy, the washed pellets were divided into fragments approximately 1 mm in diameter. These (5) .
Control rabbit red blood cells appeared as typical biconcave discs with smooth, homogeneous surfaces (Fig. la) . During the prelytic lag phase, toxin-treated cells exhibited multiple, discrete blebs on their surfaces and occasional fingerlike protrusions (Fig. ib) . Similar lesions were also observed as demonstrable hemolysis began. During the phase of accelerated hemolysis, irregular fragments of membranous material, presumably cell membrane, appeared to separate from the cell surface (Fig. ic) . As hemolysis progressed, the shape of erythrocytes changed from biconcave discs to more spherical forms, and thin flat forms consistent with collapsed ghosts were observed with increasing frequency (Fig. Id) . Ultimately, large sheets of membranous material could be seen distinct from the cells suggesting almost complete separation of the cell membrane from the cell surface (Fig. le, If) . Since (Fig. la) .
Changes in more resistant human red blood cells were limited to irregular, club-shaped protrusions during the phase of accelerated hemolysis (Fig. 2) ; these were not similar to smaller finger-like protrusions seen during crenation with scanning microscopy (1). Control human erythrocytes did not change.
Transmission electron microscopy revealed that control erythrocytes were round or polygonal in shape and were surrounded by a distinct, dense cell membrane. Exposure to alpha toxin caused discrete areas of the cell membrane to become illdefined and less dense; occasionally, sections revealed blisterlike structures protruding from the cell surface consistent with those seen by scanning microscopy (Fig. 3) .
In all studies, toxin-antitoxin-treated cells did not show morphological alterations.
DISCUSSION
The present studies provide further evidence that the erythrocyte cell membrane is the primary site of action of the hemolytic effect of staphylococcal alpha toxin. Structural alterations correlated well with the kinetics of the hemolytic reaction (5) . During the prelytic lag phase, small defects were observed, but cellular integrity was maintained. It is attractive to speculate that potassium leakage characteristic of this phase (5) is related to these defects, but such a relationship cannot be substantiated from the present studies.
In rabbit red blood cells, characteristically sensitive to alpha toxin, hemolysis was accompanied by separation of cell membrane from the cell surface and typical changes in the shape of erythrocytes. Under normal physiological conditions, the self-sealing property of the inner surface of the erythrocyte membrane allows loss of membrane fragments without the gross loss of intracellular contents; with a decrease in surface area to cell volume, sphering and loss of deformability occurs resulting in decreased ability of the erythrocyte to withstand mechanical or osmotic stress (8) (9) (10) . The rapidity of in vitro hemolysis suggests that the action of the toxin itself may lead to red cell destruction, but, in vivo, loss of cell membrane may render the cells incapable of passing safely through the spleen and microcirculation and could be the mechanism for hemolysis. Whether the toxin itself causes hemolysis or whether toxin-induced alterations in the erythrocyte membrane simply make the red cell more susceptible to hemolysis ultimately due to other factors remains to be shown. Nevertheless, from these studies it would appear that alpha toxin causes a spectrum of progressively more severe alterations in the red blood cell membrane and that hemolysis is in part due to irreversible loss of red blood cell membrane with subsequent loss of the self-sealing properties of the cell. Despite the toxin-induced separation of the cell membrane, many of the cells maintained their shape. However, this has been reported (3) ; ghosts can evidently maintain some shape due to an increase in surface rigidity induced by the hemolysin.
Previous observations by Ponder (8) demonstrated that a red blood cell does not respond uniformly to osmotic stress, but responds as though portions of the membrane were more resistant to osmotic deformation. In the present study, the difference between the morphological alterations in rabbit and human red blood cells was consistent with their sensitivity to the hemolytic effect of alpha toxin. The fact that moreresistant human red cells exhibited deformity of shape but no loss of cell membrane suggests that resistance to the toxin may be related to the structure of the cell membrane and its ability to maintain its normal relationship to the remainder of the cell so that irreversible separation does not occur.
